The performance of solar cells based on molecular electronic materials is limited by relatively high nonradiative voltage losses. The primary pathway for nonradiative recombination in organic donoracceptor heterojunction devices is believed to be the decay of a charge-transfer (CT) excited state to the ground state via energy transfer to vibrational modes. Recently, nonradiative voltage losses have been related to properties of the charge-transfer state such as the Franck-Condon factor describing the overlap of the CT and ground-state vibrational states and, therefore, to the energy of the CT state. However, experimental data do not always follow the trends suggested by the simple model. Here, we extend this recombination model to include other factors that influence the nonradiative decay-rate constant, and therefore the open-circuit voltage, but have not yet been explored in detail. We use the extended model to understand the observed behavior of series of small molecules:fullerene blend devices, where open-circuit voltage appears insensitive to nonradiative loss. The trend could be explained only in terms of a microstructure-dependent CT-state oscillator strength, showing that parameters other than CT-state energy can control nonradiative recombination. We present design rules for improving open-circuit voltage via the control of material parameters and propose a realistic limit to the power-conversion efficiency of organic solar cells.
I. INTRODUCTION
While the advent of nonfullerene acceptors has enabled a further efficiency increase for organic solar cells in the past two years [1, 2] , charge recombination is still a major impediment for further efficiency improvements. Fill factors of state-of-the-art organic solar cells seldom exceed 70% [3, 4] , which points at losses during charge-carrier collection. The open-circuit voltages have been increased substantially in recent years with peak values being in the 1.0-1.1 V range for approximately 1.6-eV band-gap absorbers [5] . Nevertheless, the open-circuit voltage losses in organic solar cells are still higher than in competing technologies such as lead-halide perovskites. Thus, research into the fundamental mechanisms and limitations for recombination in organic bulk heterojunction solar cells is urgently required. Recombination, in general, can be rate-limited either by transport of charge carriers towards each other or by dissipation of the energy of the polaron pair, which is believed to occur via a so-called interfacial charge-transfer (CT) state in organic heterojunction solar cells [6, 7] . These two processes of transport and energy dissipation have to happen in series, and therefore the slower of the two processes is the rate-limiting process. So far, models of recombination in organic solar cells have mostly either assumed that the diffusion is the rate-limiting step [8] or, if they have included an additional dissipation step, the decay coefficient was usually considered a fit parameter [9, 10] . The discussion on the origin and the fundamental understanding of the decay coefficient of a charge-transfer state has only recently been moved into the focus of the community's attention [11] . Recent work by Benduhn et al. [12] shows that the open-circuit voltage loss due to nonradiative recombination changes with the energy of the charge-transfer state over a large set of different donor-acceptor combinations. This change can be rationalized by understanding that a higher overlap of the vibrational modes of the charge transfer and ground state increases the rate of recombination. With the energy of the highest-energy vibrational modes being essentially the same for all organic semiconductors, it is then the amount of energy lost in the recombination event (i.e., the energy of the CT state) that dominates the rate of the transition. This result is essentially the so-called "energy-gap law" discussed by a range of authors in the past for both relaxation processes in molecules [13] [14] [15] and recombination processes in inorganic semiconductors [16] [17] [18] [19] . The importance of the mechanism of nonradiative recombination for the performance of organic photovoltaic (OPV) devices arises partly from the high vibrational energy of the carboncarbon bonds that allows a significant spacing of the vibrational states.
The model in Ref. [12] focuses solely on the effect of the energy of the CT state and neglects other properties of the transition. This approach can reproduce the overall trend with the change of E CT , but it cannot explain the significant scatter around the trend in the experimental data.
In an attempt to understand the effect of the characteristics of the charge-transfer state on the recombination rates, we establish a model to quantify the nonradiative voltage losses ðΔV oc;nr Þ. For bulk heterojunction OPV devices, based on the fact that both radiative and nonradiative recombination occur through the lowest-energy charge-transfer state. The model incorporates the effects of properties of the CTstate-to-ground-state transition, such as the reorganization energies, oscillator strength, difference in Gibbs free energy, and energy of the vibrational states, on ΔV oc;nr . As well as quantifying the nonradiative voltage losses, we express the absorption rate using a similar approach to that used for the radiative recombination. Using the absorption rate, we can calculate the absorption coefficient and therefore reconstruct the external quantum efficiency (EQE) of the devices assuming perfect charge-collection efficiency. The reconstructed EQE is used to estimate the radiative open-circuit voltage V oc;rad . Combining both the calculated V oc;rad and ΔV oc;nr , we can estimate the open-circuit voltage of the cell: V oc ¼ V oc;rad − ΔV oc;nr .
We apply this model to explain the trend in open-circuit voltage upon changing the solvent-vapor annealing (SVA) time of different small molecule-fullerene devices. We observe that both the nonradiative voltage loss and V oc;rad increase with the SVA time. These two effects compensate each other, resulting in a nearly unchanged value of the open-circuit voltage. This trend is the opposite of that expected from Ref. [12] and could be explained within the proposed model only by a decrease of the oscillator strength of the transition with an increasing SVA time. In the framework of the model, we evaluate different strategies for enhancing the open-circuit voltage considering a set of CT state properties and their effect on both radiative and nonradiative losses. Using this approach, we explore the limits to the power-conversion efficiencies of OPV devices, considering the limitations incurred by this recombination process.
II. THEORY
A. Open-circuit voltage-loss analysis An ideal solar cell, as presented by Shockley and Queisser (SQ) [20] , has a steplike absorptance with the band gap being the energy of the step. In addition, in the Shockley-Queisser limit, all generated electron-hole pairs are collected, and the only recombination process is radiative recombination. For real devices, the V oc is further reduced by a broadening of the absorption edge compared to the ideal step function assumed in the SQ limit and by nonradiative recombination. We differentiate the nonradiative and the absorption-broadening losses the same way as presented by Yao et al. [21] . First, we define the radiative open-circuit voltage as
where J 0;rad is the saturation current density calculated by considering only the blackbody radiation of the cell with the real absorption profile, k B Boltzmann's constant, T the temperature of the sample, q the elementary charge and J ph (V oc ) the photocurrent at open-circuit condition. We then define the voltage losses due to the smeared-out absorption edge as
and the nonradiative voltage losses via
Here, Q LED ðV oc Þ is the external quantum efficiency of the electroluminescence (EL) emission at an applied internal voltage equal to V oc of the cell. For a thin-film solar cell, where a photon emitted by radiative recombination is either emitted with an emission probability p e or reabsorbed with a probability p r [22] , we can relate Q LED ðV oc Þ to the internal quantum yield of the EL emission (IQ LED ) if we consider perfect charge extraction (i.e., no surface recombination) [23] and recombination rates independent of the spatial position in the absorber layer via
Here, the internal luminescence quantum efficiency
is defined as the ratio of the rate constant of radiative decay from the CT state to the ground state, K r , and the total decay-rate constant, which is the sum of K r and the nonradiative recombination-rate constant K nr . We calculate the emission probability by estimating the absorption coefficient and absorptance using an expression for the absorption rate and using Eq. (6) in Ref. [24] . Details about these calculations are presented in the optical-model section. We can then express the nonradiative voltage losses as
B. Recombination pathways
In this model, we consider only recombination that occurs at the CT state of the donor-acceptor complex, i.e., radiative recombination of the CT state and the nonradiative relaxation of the CT state to the ground state, as illustrated in Fig. 1 . The CT state can be generated either during the charge-separation process of the exciton that results from optical excitation or when the charge carriers meet at a donor-acceptor interface.
To calculate the rates of recombination, we represent the solar cell by a two-state model consisting of a ground state and a CT state similar to the model in Ref. [12] . The nonradiative recombination-rate constant will be enhanced by the overlap of the occupied vibrational mode of the CT state with the most energetically accessible vibrational modes of the ground state, while the radiative recombination is due to spontaneous emission from the chargetransfer state to any vibrational mode of the ground state. In molecular structures containing many carbon-carbon bonds, the vibrational spacing energy ℏΩ is typically in the region of 0.15 eV.
C. Recombination rates
Radiative and nonradiative electron transfer from the excited CT state to the ground state in a donor-acceptor complex are described classically by the energy-gap law [25] [26] [27] . We apply the same approach that has been used for donor-acceptor complexes in solution to quantify the recombination rates from the CT states in the absorber layer of a solid-state donor-acceptor blend. This approach is similar to the one adopted by Benduhn et al. to calculate the recombination rates. Here, we adopt the method introduced by Jortner [28] , where we consider the solvent modes to be thermally activated while the molecular modes are frozen. This method means that we effectively consider the surrounding molecular environment as a solvent for the CT state.
Using this assumption, the nonradiative rate constant (K nr ) can be described, by the electron transfer-rate constant expression using Fermi's golden rule and the BornOppenheimer approximation, as a product of the electronic coupling V between the CT state and ground state and the 
with λ l the low-frequency reorganization energy, S ¼ ðλ v =ℏΩÞ is the Huang Rhys factor [30] , and λ v and Ω are, respectively, the reorganization energy and the harmonic frequency of the quantized high-frequency mode (assumed the same for all vibronic states). ΔG 0 is the difference in Gibbs free energy between the two states. w and t designate the quantum number of the vibrational modes of the ground state and the CT state, respectively, and L w−t t ðSÞ is the generalized Laguerre polynomial of degree t [31, 32] . In this work, we consider the contribution of the many vibrational modes of the initial state with a Fermi-Dirac distribution. The high-frequency reorganization energy (λ v ) is often related to the innersphere reorganization energy, which is attributed to the energy cost associated with the geometry change in the donor-acceptor complex from the optimized geometry in the ground state and its optimized geometry in the chargetransfer state [33] . The inner-sphere reorganization energy can be estimated using a density-functional-theory calculation on the donor-acceptor complex [34] . The lowfrequency reorganization energy (λ l ), on the other hand, is associated with reorganization of the nuclear and dielectric environment to accommodate the charge-transfer event as well as the low-frequency modes of the donor-acceptor complex itself. If the two reorganization energies have been commonly defined for small molecular systems in solution as the inner reorganization energy for the high-frequency one and the outer reorganization energy for the low-frequency one, this assumption is not always valid for larger molecules in a solid state; in fact, it has been shown that the geometry change on the donoracceptor complex related to the CT-state transition contributes in a large part to the value of the low-frequency mode reorganization energy [35] . Therefore, both values are strongly dependent on the chemical structure of the materials.
Using the same approach, we can express the radiative rate constant using the operator O ¼ ðq=m e cÞ ⃗ A ⃗p, where c is the speed of light in vacuum, m e the electron rest mass, where ⃗ A is the vector potential of the electromagnetic field and ⃗p the momentum operator. Using the dipole approximation, the radiative rate constant per photon energy can be expressed using the transition dipole moment [18] as
where ϵ 0 is the permittivity of free space. The net radiative recombination-rate constant K r from the CT state to the ground state (GS) is the sum of contributions k r ðℏωÞ over all the photon energies ℏω:
Considering that the optical transition is an adiabatic transition, we express the transition dipole moment M in terms of the oscillator strength f osc and the average frequency of the emitted photon ω avg [36] via
This expression helps by relating the transition dipole moment to parameters we can calculate using the time-dependent density-functional theory such as the oscillator strength of the charge-transfer state and the average frequency of the emitted photon [37] . Moreover, we relate the electronic coupling to the transition dipole moment using the generalized MullikenHush (GMH) method [38] . This method is commonly used to estimate the transition elements of diabatic transitions using adiabatic elements [39] . The method is based on the definition of adiabatic states as the states with a transition dipole moment normal to the direction ðΔ⃗ μ=jΔ⃗ μjÞ Δ⃗ μ ¼ μ CT ! − μ GS ! , where μ CT ! and μ GS ! are the static dipole moment of the CT state and the GS, respectively. This assumption leads to the generalized expression for the electronic coupling
Using the established equations (6), (7), (10), (11), and (12), we express the nonradiative voltage loss ΔV oc;nr as a function of the different characteristics of the charge-transfer state. As a result, ΔV oc;nr depends on the difference in Gibbs free energy between the two states ΔG 0 , the low-and high-frequency reorganization energies (λ l , λ v ), the difference in the static dipole moment between the two states jΔμj ! , the oscillator strength f osc of the CT state, and the vibrational energy ℏΩ. Thus, ΔV oc;nr ¼ fðΔG 0 ; λ l ; λ v ; f osc ; jΔμj ! ; ℏΩÞ. Considering the common case for organic devices where the nonradiative rate constant is orders of magnitude higher than the radiative one (K nr ≫ K r ), ΔV oc;nr is simplified to
D. Optical model for EQE reproduction
We use the same approach used for the radiative recombination-rate constant (i.e., rate of spontaneous emission) to calculate the rate constant of photon absorption. To promote an electron from the ground state to the charge-transfer state, the spectral absorption rate can be expressed using the same approach, but we use a factor N to account for the density of photons in the considered volume:
Here, the Franck-Condon weighted density-of-states factor accounts for upward transitions from vibrational modes of the ground state to modes of the CT state, assuming Boltzmann statistics for the initial state occupation:
Here, w and t designate, respectively, the quantum number of the vibrational modes of the initial and final state. Using the photogeneration rate, we calculate the Einstein coefficient B for the stimulated absorption [40] .
[The Einstein coefficient B is defined as k r;abs ðℏωÞ ¼ Bρ, where ρ is the total energy in the field per unit volume between the frequencies ω and ω þ dω. It represents the transition rates in such a way that the field-dependent effect proportional to N is separated from the field-independent effects.] We relate B to the absorption coefficient, using the established formula [41] , if we consider a uniform distribution of the site with a volume V and find
where n is the refractive index of the blend. For the overall absorption coefficient, we consider both the contribution of the charge-transfer state and the exciton state. We can express both with Eq. (16) using different parameters for the two states. For the exciton state, we consider similar parameters as for the CT state, apart from the value of ΔG 0 that becomes E G instead of E CT and an oscillator strength value of f osc ¼ 5, which is at least 2 orders of magnitude higher than the one of the CT state. We can also take into account the CT-state density by changing the distribution of interfacial states compared to excitonic states. For this purpose, we introduce R CT=E to represent the ratio of CT states compared to the excitonic states (V CT ¼ ðV E =R CT;E Þ). In this work, we consider
On top of the contribution of these two states, we consider that, for energies above E g þ 2k B T, α follows the square-root law of a direct semiconductor:
For simplicity, we choose α 0 ¼ ð2=dÞ, where d is the thickness of the device, to account for the strong absorption of the high-energy photons within the film thickness. Using the absorption coefficient given by Eq. (17), we can express the absorptance [AðEÞ], assuming a Beer-Lambert law without interference, a zero reflectance at the surface, and a unity reflectance from the back electrode, and obtain
Here, d is the thickness of the device. Assuming perfect electron transport and no losses of photoinduced charges, we can consider the absorptance as the ideal EQE of the device. This assumption allows us to calculate the radiative open-circuit voltage
We finally calculate the emission probability using the expression [24] 
III. THEORETICAL RESULTS Using Eq. (13), we evaluate ΔV oc;nr using reported values of the parameters E CT , λ l , λ v , f osc , jΔμj ! , and ℏΩ; the ranges of the reported values are summarized in Table S1 [29] . First, we notice that the range of calculated values of ΔV oc;nr overlaps with values of ΔV oc;nr reported in the literature [5, 21, 42] . This finding validates the assumptions of the model and shows the importance of the transitions considered in the model. Then we explore the sensitivity of ΔV oc;nr to the different parameters. We consider ten different values for each parameter in the range given by Table S1 [29] and calculate ΔV oc;nr using Eq. (13 [5, 12, 21, [42] [43] [44] . The data labeled "this work" is obtained from BIT-4F∶PC 71 BM devices in the experimental section. A complicated version of (d) specifying the references can be found in Fig. S1 [29] .
average for the values of ΔV oc;nr , where we explicitly vary only the parameter of interest and ΔG 0 and sample all other parameters within the reported ranges. This approach helps quantify the average impact of the different parameter on ΔV oc;nr for a fixed ΔG 0 . Henceforth, we consider E CT ¼ ΔG 0 in order to be able to compare these data to experimental results. This approximation neglects the effect of the entropy as is commonly done.
The first three graphs in Figs. 2(a)-2(c) show a strong dependence of ΔV oc;nr on E CT and a significant dependence on the other parameters. Figures 2(a) and 2(b) show that the reorganization energies have a significant effect on ΔV oc;nr at constant E CT . The high-frequency reorganization energy has a smaller effect at lower energies, while at CT energies closer to typical values of E CT variation in λ v changes ΔV oc;nr by 0.1-0.2 V. The effect of λ l is less sensitive to E CT , with a stronger effect than λ v due to the wider range considered. The oscillator strength appears to have a smaller effect on the mean value of ΔV oc;nr due to the fact that its effect would be less significant for high values of the difference in the static dipole moment. In fact, from the GMH formula it appears that both values are entangled.
Figure 2(d) shows the span of ΔV oc;nr as a function of E CT resulting from the parameter exploration compared to experimental data extracted from Refs. [5, 12, 21, [42] [43] [44] as well as from the results of the present study. Most of the experimental data sit inside the calculated range for ΔV oc;nr , which supports the idea that the model can predict realistic values for the nonradiative voltage losses. The model predicts lower nonradiative losses than the currently achieved values; the closest point to the lower limit predicted by the model lies around 0.1 eV higher than the predicted minimum at that CT energy. This result shows that there is an improvement to be made in this respect and that a higher V oc can still be achieved with organic photovoltaic technology. This analysis rests on the idea that additional loss pathways such as nonradiative recombination via the contacts and disorder in the CT-state energy can be avoided.
IV. CASE STUDY OF MULTIFLUORINE-SUBSTITUTED SMALL MOLECULES UNDER SOLVENT-VAPOR ANNEALING
The results in the previous section emphasize that ΔV oc;nr depends strongly on different parameters of the charge-transfer state. The large number of parameters considered in the model makes it hard to pinpoint which parameter induces the change in the open-circuit voltage losses for any organic solar cell. However, for a system where we limit the number of variables, we can aim to explain what controls the change in ΔV oc;nr .
For a bulk heterojunction device, the donor-acceptor phase separation determines the properties of the interfacial area and, hence, the properties of the CT states. SVA has attracted attention recently, mainly due to the capability of changing donor-acceptor phase separation and the device performance in small molecule-fullerene organic solar cells, which makes SVA a useful technique to understand the effect of changing CT-state microscopic properties.
Recently, a family of linear donor-acceptor multifluorine-substituted oligomers (BIT series) was developed: BIT-4F, BIT-6F, BIT-8F, and BIT-10F [45] , which are all sensitive to SVA post treatment, making them good targets for this study. The main difference in the structure of these oligomers is their chain length, as shown in Fig. S2 [29] . Therefore, we can consider that the reorganization energies of the charge-transfer state would not change significantly. Exposing films of these oligomers blended with PC 71 BM to CH 2 Cl 2 vapor increases the phase separation in the blend and increases the crystalline content of the film as reported in Refs. [45, 46] . The change of the interface properties is believed to affect the properties of the charge-transfer state [47] . For these reasons, we use this family of oligomers with different exposure times to CH 2 Cl 2 vapor to investigate the effect of the change of the interface properties on ΔV oc;nr .
The extracted device-performance data from currentvoltage characteristics are summarized in Figs. S3-S6 [29] . As clearly shown, BIT-4F with the shortest chain length shows the most sensitive response upon SVA, whereas devices based on molecules with longer chains, i.e., BIT-8F and BIT-10F based, stay relatively unaffected. The decrease in short-circuit current density (J sc ) is mainly caused by an enlarged donor-acceptor phase separation and the concomitant inefficient exciton diffusion and charge transfer [46, 48] . The fill factor (FF) shows an expected fast increase at short SVA times and a slow drop after a certain time threshold. The overall power-conversion efficiency (PCE) presents a similar trend as J sc . Interestingly, the opencircuit voltage (V oc ) remains almost constant around 0.9 V, especially for BIT-8F and BIT-10F with longer chains, despite a small drop for a very short exposure time in the case of BIT-4F and BIT-6F.
We should also emphasize here that changing the donoracceptor domain size will potentially change the properties of interfacial charge-transfer states as well as their interface area. Aiming to understand the V oc trend, we carry out a detailed energy-loss analysis. We measure the external quantum efficiency and the electroluminescence of blend devices made from the four oligomers with different exposure times to the solvent vapor. Figure 3(a) presents the EQE and EL data for BIT-4F with different SVA times, as well as the extended EQE constructed using the EL data by the same approach as Ref. [21] . Upon increasing the exposure time, the absorption edge of the EQE gets sharper. For the EL spectra, we mainly notice a decrease of the relative intensity of the first peak upon the SVA time without a significant change in the peak energy of the first peak. The small change in the energy of the first peak could be interpreted as a relatively unchanged energy of the lowest charge-transfer state. The same observations are valid for all four oligomers (Fig. S7 [29] ), with a less noticeable effect for the larger molecules. This result agrees with the fact that SVA induces fewer changes in the morphology of the larger-molecule blends.
Using the extended EQE for the four oligomers in [Figs. 3(a) and S7 [29] ], we calculate V oc;rad and ΔV oc;nr using the method in Ref. [21] . The results are presented in Fig. 4 , where we plot ΔV oc;nr against V oc;rad . ΔV oc;nr and V oc;rad increase by approximately the same amount with the SVA time, and, given that V oc is defined as V oc;rad − ΔV oc;nr , this result agrees perfectly with the small changes observed in the V oc of the devices. However, since the band gap of the absorber does not change upon SVA, these results suggest that the losses due to the broadening of the absorption peak decrease, whereas the nonradiative losses increase. Since the two losses are believed to happen due to recombination at the same interfaces, the fact that ΔV oc;nr and ΔV oc;rad compensate each other is counterintuitive. In fact, if we explain the decreasing qΔV oc;abs with a decreased density of interfacial sites, ΔV oc;nr should not be affected, as it is mainly the ratio between radiative and nonradiative rates of recombination. According to our model, an increase in V oc;rad can be related to either a change in the energy of the charge-transfer state, a lower absorption coefficient of these states from a lower density of charge-transfer states in the bulk, or a lower oscillator strength for these states. An increase in the energy of the charge-transfer state would decrease ΔV oc;nr according to the results of our model, which is inconsistent with the data shown in Fig. 4(a) . On the other hand, if we consider a change in the oscillator strength of the charge-transfer states, we can reproduce the same trend as shown in Fig. 4(a) using the model. A summary of how a change in each parameter of the model would affect the relationship between V oc;rad and ΔV oc;nr is presented in Fig. 4(b) . This figure shows that the trend whereby ΔV oc;nr increases with increasing V oc;rad as shown in Fig. 4(a) is reproduced only by a reduction in the CT-state oscillator strength. In order to reproduce the experimental data, we first aim to reconstruct the EQE data using the model by fixing both the band-gap energy and the CT-state energy. Figure 3(b) shows the results of this model using the parameters values from Table I . The values for E CT and E g are chosen to agree with the experimental parameters, λ v , λ l , ℏΩ, and n are chosen as representative of the values reported in the literature for similar systems, while jΔμj ! and the range of f osc values are chosen to reproduce the values of the radiative and nonradiative voltage losses observed experimentally. Using these data, we calculate both V oc;rad and ΔV oc;nr . The dashed line with solid circles in Fig. 4(a) shows how the model can reproduce the experimental data with the assumption that the only parameter changing is the oscillator strength of the transition. The effect of the physical arrangement of the donor and the acceptor at the interface on the CT-state properties have been presented in previous studies [49] [50] [51] [52] , and it has been shown that increasing the size of the clusters affects both the energy of the CT state and the electronic coupling between the CT state and the ground state. In light of these previous studies, we consider that the reduction in the oscillator strength of the transition upon SVA is related to increased spatial delocalization of the interfacial state. While the ratio of CT-to exciton-state density may be expected to vary upon annealing, this ratio will affect radiative and nonradiative processes equally and cannot explain the trend observed.
The same experiment with different SVA times is carried on another small molecule, p-DTSðFBTTh 2 Þ 2 , blended with PC 71 BM [53] . The results shown in Fig. S8 [29] show that the trend for the BIT series is reproduced; therefore, the observed trend is not unique for the BIT-based systems.
These experimental results show that a unique correlation between ΔV oc;nr and V oc;rad is not necessary (or general), in contrast to the suggestion by previous studies [5, 12] , but the trend depends on other parameters as shown in Fig. 4(b) . Therefore, one cannot rely on achieving a change in V oc simply by varying ΔV oc;nr or ΔV oc;abs alone. Moreover, the results suggest that ΔV oc;nr could be reduced without the compromise to the photocurrent that would result from requiring a larger CT-state energy, in contrast to the conclusion in Ref. [12] .
V. DISCUSSION

A. Strategies to improve V oc
We establish a way to quantify one of the main sources of nonradiative voltage losses in bulk heterojunction organic solar cells and relate it to characteristics of the chargetransfer transition. Using the model, we establish what we should aim for to reduce ΔV oc;nr . However, as we have noticed, experimentally decreasing ΔV oc;nr can induce an increase of ΔV oc;abs , leading to nearly stabilized V oc . This correlation complicates the dependence of V oc on the parameters of the model. Therefore, to improve V oc , one should not focus solely on decreasing ΔV oc;nr .
Upon exploring the effect of the different parameters introduced in this work on V oc , we can identify and rank the opportunities to raise V oc . As the effect of different parameters is entangled, we explore their effect in acceptable ranges presented in Table S2 [29] . Starting from a cell with the lowest oscillator strength and parameters as given in Table I , we calculate V oc by changing each parameter separately in the order presented in Table S2 [29] . From all the combinations, we calculate the average increase of V oc by changing one parameter. Table II summarizes the potential gain that could be achieved by varying some of the parameters involved in the calculation of V oc within the ranges given.
The best route to improve V oc from Table II seems to be a decrease of the reorganization energy associated with the charge-transfer transition. If we find a way to reduce the conformational change of the molecule upon the chargetransfer transition as well as its effect on the surrounding environment, we can improve V oc by almost 0.2 V. The effect of the charge-transfer energy and the driving force (E g − E CT ) is also significantly high. When we account for its effect on both the radiative and nonradiative voltage loss, the open-circuit voltages increase by more than the gain due to the energy increase as reported by Benduhn et al. High-frequency reorganization energy (λ v ) 0.2 eV Low-frequency reorganization energy (λ l ) 0.2 eV Vibrational mode harmonic-oscillator energy (ℏΩ) 0.15 eV Refractive index (n) 1.5 The ratio of CT-state density (R CT=E ) 0.01 Band-gap energy (E g ) 1.75 eV [12] . The effect of the difference in the static dipole moment of the two states is significantly important, as it can increase V oc by more than 40 mV just by increasing it within 20 D. The effect of the ratio of CT-state density is the least significant. Reducing the density of interfacial states by 2 orders of magnitude would only increase V oc by 40 mV. Moreover, although not shown by the data in the table, it is straightforward to show that a significant change in the oscillator strength does not affect V oc in the case of high E g − E CT systems as demonstrated in the BIT case above with driving forces larger than 0.3 eV, where ΔV oc;nr and ΔV oc;rad are compensated with each other. However, in the case where the driving force is lower than 0.1 eV, the effect of the oscillator strength change on V oc;rad is negligible [54] , as indicated in the EQE shape illustrated in Fig. S9 [29], where we can clearly see the difference between large and small driving-force cases on the effects of the oscillator strength of the CT state. Since increasing the oscillator strength of the CT state always decreases ΔV oc;nr according to Eq. (13), the difference of the effect of the oscillator strength of the CT state on V oc;rad determines the final V oc . Within the open-circuit voltages calculated above, the average increase of V oc when changing the oscillator strength from 10 −2 to 1 for a 0.1-eV driving force is 64 mV, where in the case of 0.3 eV it is as low as 10 mV. The impact of CT-state absorptance on solar cell performance was modeled previously using a more phenomenological approach in Ref. [54] .
Recent progress in polymer-nonfullerene materials has shown that high performances can be achieved with a lowenergy offset between absorption onset and CT-state energies [5, 43] . Therefore, to improve V oc for these systems, we should aim at improving the emission properties of the charge-transfer state. Moreover, we suspect that the high oscillator strength and strong luminescence efficiency of the best-studied nonfullerene acceptors (NFAs) could explain their better performance as compared to fullerene acceptors. This hypothesis can be rationalized by understanding that the oscillator strength of the chargetransfer state is enhanced by a degree of hybridization with, and intensity borrowing from, the nearest donor or acceptor excited state when the two states are close in energy [37] , and, moreover, the CT-state oscillator strength depends upon the oscillator strengths of the singlet states that formed it [55] . Thus, polymer-NFA blends would benefit from the details of the theory discussed here in several ways. First, they enable smaller energy-level offsets leading to higher-energy CT states for a given absorption onset, which leads to lower nonradiative recombination due to the higher number of vibrational modes necessary for a nonradiative transition as well as leading to a higher CT-state oscillator strength as explained above. In addition, blends with NFAs may also benefit from the higher oscillator strength of the acceptor, and hence of the CT state, and the subsequent gain in V oc . One cost of NFA-based solar cells is that the higher CT-state oscillator strengths that lead to higher V oc 's may also accelerate the total recombination kinetics. While this is no problem at an open circuit, where only the ratios of the rates are important, faster kinetics may be an issue at V < V oc by imposing more challenging requirements on the mobility to achieve efficient collection. This issue may explain why reports on high-fill-factor devices at active layer thicknesses substantially larger than 100 nm are so far quite rare [3, 56] .
B. Efficiency limit for organic solar cell
In the previous section, we study the importance of the nonradiative recombination process enhanced by the vibrational modes of the states. Using the reported properties of the charge-transfer state to ground-state transition, we are able to account for most of the nonradiative voltage losses in organic solar cell. Thus, the nonradiative losses in OPVs are likely to be dominated by this process. Therefore, we should account for these losses to calculate a theoretical limit for the PCE of an ideal bulk heterojunction organic solar cell.
Using the detailed balance theory, several groups have investigated the radiative limit of organic solar cells [6, 57, 58] . To account for the nonradiative losses, they consider a fixed luminescence quantum yield, showing the increase of the PCE with an improved luminescence yield. In this work, as in the work of Benduhn et al. [12] , we establish a relation between the energies of the chargetransfer state and ΔV oc;nr . Therefore, using this model, we can establish a more realistic efficiency limit for OPVs considering these effects. Benduhn et al. [12] calculate a limit using the extracted parameters from fitting their experimental data, whereas in this work we consider a limit related to the best parameters considered in the model. Moreover, the limit considered in this work takes the excess radiative losses induced by the optical absorption of the charge-transfer state into account. Considering the best parameters from Table II, we can establish a limit for the V oc of organic solar cells as a function of the band-gap energy of the absorber material. For this purpose, we consider that E g ¼ E CT þ 0.1, which is consistent with a number of reports of low-offset systems that still result in high photocurrent quantum efficiency [5, 43, [59] [60] [61] . By using the calculated EQE based on the optical model and the AM1.5G solar spectrum, we estimate a limiting value of J sc . Considering the ideal Shockley diode equation, we estimate the efficiency limit for OPVs considering the limitation induced by the charge-transfer states which is presented as the "nonradiative limit" in Fig. 5 . Figure 5 presents the efficiency limit of OPVs from this model as well as a more realistic limit where we consider a limit of 90% of EQE and 80% FF. We notice that, due to the high nonradiative losses of organic solar cells, their efficiency is limited to approximately 25% even in the ideal case and to approximately 20% for a more realistic case. The optimum band-gap energy of the absorber is blueshifted to around 1.6 eV, compared to 1.37 eV for the radiative limit. These results are very similar to those reported in Ref. [12] .
VI. CONCLUSION
We presented a model that quantifies the nonradiative voltage losses in OPV due to nonradiative recombination through the charge-transfer state. We established the different parameters affecting its value which help improve our understanding of the phenomena and the limitation facing OPV devices due to these interfacial states.
From the experimental data on a series of (BIT) oligomer donors blended with PC 71 BM, we emphasized that the change in E CT cannot explain the results, and therefore there must have been other parameters to consider. From the effect of SVA on these small molecules, we noticed a linear trend between ΔV oc;nr and V oc;rad that conserves V oc . The observed trend was different from that previously reported [5, 12] . In order to explain this observation, we studied the effect of the different parameters of the model on ΔV oc;nr and V oc;rad and established that the change in the oscillator strength presents a good explanation for the experimental results. We also established that the increase of ΔV oc;nr did not affect V oc , as the increase was compensated by a decrease of the absorption broadening losses. This finding emphasizes that in order to increase V oc one should separately address and attempt to minimize both types of voltage loss (ΔV oc;nr and ΔV oc;abs ).
We explored the effect of the different parameters on V oc and ranked the routes to improve it. We have shown that reducing both reorganization energies presents the best opportunity to increase V oc and, therefore, the power-conversion efficiency of the cells. By exploring the efficiency limit of OPVs due to the essential role of the charge-transfer state in charge generation and recombination, we established that OPV efficiencies can reach values close to 25% in the ideal case, with a more realistic limit at 20%. Therefore, this result emphasizes the potential of this technology to compete with other inorganic photovoltaic technologies.
By relating the voltage losses to different properties of the donor and acceptor molecules, and particularly to the CT-state oscillator strength, this work helps to unveil the origin of the recent improvement in performance achieved by nonfullerene acceptor devices [62] . An approach related solely to the energy levels of the donor, acceptor, and their CT state would not explain the differences in open-circuit voltage behavior between devices based on nonfullerene acceptors and those based on fullerenes.
Many parameters of the model are hard to control. A better understanding of what affects these parameters is necessary if we aim to improve the open-circuit voltage of these cells and reach higher efficiencies. Moreover, this model considers only one type of nonradiative recombination mechanism. In the limit where this recombination is not dominant, we must include the effect of other recombination processes such as trap-assisted recombination or surface recombination at the contacts. Predicted power-conversion efficiency compared with the radiative limit. The black line is the SQ limit using the AM1.5G sun spectrum, where only radiative recombination is considered; the blue line is the nonradiative limit considering a perfect charge collection (100% of the EQE calculated from modeled absorption spectra) and the ideal Shockley equation (ideality factor of 1); the red line is the more realistic limit assuming 90% EQE absorption and 80% fill factor.
VII. METHODS
A. Organic solar cell fabrication
The device structure in this study is ITO/PEDOT: PSS/small-molecule:PC 71 BM=PFN=Al, where poly(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene) (PFN) and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Clevios PPVP AI 4083, H.C Starck Inc.) were employed as the cathode and anode buffer layer, respectively. A 40-nmthick PEDOT:PSS anode buffer layer was spin-cast on the precleaned ITO anode substrate and then dried in air at 150°C for 20 min. Subsequently, a thin layer of smallmolecule: PC 71 BM blend was deposited atop the PEDOT: PSS/ITO substrate by spin-coating with a hot chlorobenzene solution, followed by solvent-annealing treatment in a Petri dish containing 2-3 mL CH 2 Cl 2 . Soon after the treatment, a 5-nm PFN layer was spin-coated from methanol solution in the presence of a trace amount of acetic acid onto the active layer. Finally, the films were transferred into a vacuum evaporator, and 70-100 nm of Al are deposited as the cathode.
B. Current density versus voltage ðJ − VÞ characteristics
The values of power-conversion efficiency were determined from J − V characteristics measured by a Keithley 2400 source-measurement unit under the AM 1.5G spectrum from a solar simulator (Oriel Instruments).
C. Electroluminescence
The measurement was measured using a Shamrock 303 spectrograph combined with an iDUS InGaAs array detector cooled to −90°C. The driving injection current is in the range of 1.25-1250 mA=cm 2 . The obtained EL spectra intensity was calibrated with the spectrum from a calibrated halogen lamp.
D. External quantum efficiency
The measurement was measured using a grating spectrometer (CS260-RG-4-MT-D) to create monochromatic light combined with a tungsten halogen light source. The monochromatic light was chopped at approximately 300 Hz, and a Stanford Research Systems SR380 lockin amplifier with an internal transimpedance amplifier of 10 6 V=A was used to detect the photocurrent. Long-pass filters at 610, 715, 780, 850, and 1000 nm were used to filter out the scattered light from the monochromator. The spectra were taken from 300 to 1100 nm and calibrated by a silicon photodiode.
